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This analysis of the M61 movable gun is intended to be an overall

evaluation of the control system. Originallyg the concept of the thesis

was to design a digital controller for the system. But the gun servo

subsystem dynamics are good enough and the sampling rate so low that a

conventional digital controller ts neither required nor feasible. Thus

the motivation became one of answering questions which were raised in

the review of readily available literature.

The gun system analysis is based on locally available Delco Cor-

poration and McDonnell Aircraft Company reports. No attempt was made

to contact either contractor regarding specific questions, so portions

of the given information may not be in agreement with current data or

design.
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F Actuator piston force
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APIT/GA/AA/78D-5

Abstract

The effects of changing control parameters of the movable M61 gun

system proposed for the F-15 aircraft are examined using time response

and root locus methods. In the course of the analysis, a Fortran IV

simulation program, state space model, and gun servo subsystem Z trans-

form are developed.

The gun servo subsystem design has little effect on system response.

The system settled in under 0.2 sec and had less than 10% overshoot for

any open loop gain from 0 to 200 sec 1 and with or without differential

pressure compensation.

The overall system is stable for a system gain of 0 to 39 and

exhibits nearly deadbeat responses for a gain of 20. Digital rate feed-

forward is required to keep ramp following error below 1 mrad for a

5 see ramp. Digital filtering improves response and analog low-pass

sensor filters with a cutoff of 30 Hz eliminate aliasing while moderately

reducing system performance. Computation delays of less than 0.005 sec

were found to have negligible effect on the system response.

The muzzle response is examined and a compensator, which neglects

barrel cluster rotation, is designed to reduce the 50% overshoot and over

2 sec settling time for a step input. This, however, degraded tracking

of more realistic (lower frequency content) inputs indicating that a

better compensator should be designed or that muzzle response at target

acquisition should be allowed to settle before firing.

Overall, the movable M61 was found to be an extremely fast gun

system, insensitive to most control parameters.
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p AIALYSIS OF A CGPTROLIZR FOR THE

M61 MOVABLE GUN

I Introduction

*p ~Historical Backround

Since World War 1, fighter aircraft have been armed with rapid

firing guns to perform the close in air superiority role. Although it

has been suggested that air superiority aircraft can function without a

gun, experience has shown that the gu has a place on the highest tech-

nology aircraft (Ref 2"1). Gunsights have been improved dramatically

since the use of cross hairs and the gun Itself haz been improved over

the years. However, the same method of aiming the gun is still being

used, I.e., point the aircraft.

Although this has proven effective in the past, increasing speed

and maneuverability have put an extremely heavy burden on the pilot to

track the target with his aircraft. If a means were available to relieve

the pilot of a portion of this task and avoid the dynamic constraints of

the aircraft, aircraft gunnery could be much more effective.

The movable gun concept was investigated by the UND Corporation

In 1968 (Ref 16). This study indicated that the movable gun greatly

improved firing opportunities. In addition, the greatest performance

increase occurred within the first few degrees of movement.

The movable gun concept was further explored in the EXPO series of

air to air fire control studies parformed by the McDonnell Aircraft

9 Company (tCAIfl). EXPO V not only confirmed the ROAD findings, but



generated a preliminary hardware design for a movable 461 cannon for tho

F-15 aircraft.

System Definition

The movable M61 was designed by Delco Electronics Division to

MCAIR specifications. The Gun-Servo Subsystem (GSS), consisting of the

gun, hydraulic actuators and associated hardware and electronics, is

shown in Figure 1. The gun servo subsystem includes a failure monitor

which centers the gun if an error is detected in its response. This

portion of the gun servo subsystem will not be included in any of the

analysis.

The gun system is composed of the gun servo subsystem, portions of

the F-15 mission computer (MC) and the connecting data bus.

Purpose

The purpose of this study is to examine the effects of varying con-

trol parameters of the gun serve subsystem as designed by Delco, examine

digital components of the system, and examine time response of the muzzle.

Delco dealt primarily with frequency domain responses in their reports;

this study will focus on time domain effects.

At this time there have been no final descriptions of a digital

controller algorithm appearing in Delco or MCAIR literature. This study

will examine some of the aspects of the digital controller including

open loop gain, digital rate feedforward and digital filtering of sen-

sor outputs.

Finally, the effects of the gun structural modes on the muzzle

response will be examined. The muzzle frequency response is given by

2
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Delco reports but its time domain consequences are not discussed. A

preliminary design for a compensator to reduce structural resonance

will be discussed.

Assumotions

This thesis will make several simplifying assumptions regarding the

gun dynamics and command inputs. These assumptions and their implica-

tions follow.

Gun ThnamLeSo The gum will be treated as a single body, neglecting

barrel cluster rotation and projectile motion. The six barrel gun has

a firing rate of 6000 rounds per minute, so gun firing occurs at 100 Hz

and the barrels rotate at 16.7 revolutions per second. Gun firing will

be an impulsive input along the gun axis, and therefore should have a

negligible effect on the system response.

Since the barrel cluster rotation is a relatively low frequency

effect (the first structural mode is at 11.6 Hz), it may cause some

coupling of the gun dynamics In the azimuth and elevation axes. This

effect will have its greatest impact on the structural mode analysis.

By neglecting nonlinear friction and treating structural damping

in the gun as viscous damping, the system can be examined using linear

models. The use of linear models greatly simplifies the analysis.

Camnand Inoputs. It is assumed that rate and position commands for

the gun azimuth and elevation are available within the mission computer.

It is not the intent of this study to become involved with processes of

target and projectile prediction or aircraft dynaics.

4



Performance Criteria

The Delco reports placed emphasis on frequency domain criteria for

the gun servo subsystem. This thesis will deal almost exclusively with

time domain analysis. Most of the specifications supplied by MCAIR are

related to gun servo subsystem performance rather than to the gun system

which contains the digital control loop. Time domain specifications

must then be developed for the entire gun system based on the gun servo

subsystem requirements and some engineering Judgment.

The available performance specifications are listed in Table I.

When a specification appears in more than one reference, the primary

source is cited. When in disagreement, the most recent source is u3ed.

Table I
Gun Servo Subsystem Specifications

Specification Reference

Steady State Oscillation S 0.1% 14

GSS Overshoot < 20% 3

Bandwidth of GSS 100 Hz 5

Static Accuracy .5 mrad 14

late Following Error (GSS) 1 1 mrad for 5 0 /sec 3

* Angular Excursion k 30 14

Angular Velocity _ 45 °/sec 14

Angular Acceleration Z 200 Rad/sec 2  5

80% of 100 Round burst in 8 mrad Dia Circle 15

F

k "-.. A ,5



4The steady state oscillaticn and static accuracy are primarily

related to hardware tolerance and sensor errors, so will not be used

except in a short discussion of digital word length.

The GSS bandvidthq overshoot, and rate following error apecifica-

tions will be addressed when discussing the Gun Servo Subsystem. The

bandwidth of 100 Hs cannot be applied to the discrete system since the

sampling rate is 20 Hz.

The GSS overshoot criterion sem& to be high for the system over-

shoot based n the dispersion specification, so will not be used in

system analysis. The rate following specification will be used, however.

The angular excursion, velocity, acceleration are functions of the

hydraulics and actuators so are not used as control criteria, but as

limits in the gm simulation.

From the dispersion specification, the maxlum error which will

place the target in the area of a probable hit is 4 urad. Based on this,

it would be desirable to keep the overshoot less than 4 mrad to maximize

probability of a hit. For the maximum excursion of 52 mrad this Is about

10. Since the gun has a dispersion of 4 urad, a 5% settling criterion

(2,5 arad at maximum excursion) is used rather than 2%. It would be

desirable to have the gum settle as fast as possible but 0.2 seconds

(20 rounds) seems reasonable,

The design criteria to be used for the system are then:

T (0%) 0.2 sec

HP~ 10%

late following error 1.5%

6
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The GSS and gum system will be analyzed using both analytical

methods and a computer simulation. For the analytical portion of the

analysis, the interactive computer aided design program TOTAL (Ref 10)

was used. The simulation program (described in Appendix D) is a

FORTRAN IV program executed on the CDC 6600/CYBER digital computer.

The computer simulation includes some of the nonlinearities of the eye-

tm and uses more complete gum dynamics.

7



0 II T~cmnical Description of the Gun System

The basic gun system can be modeled as shown in Figure 2. This non-

linear servo system is driven by azimuth and elevation commands internal

to the F-15 mission computer. These commands are generated using outputs

of the lead computation routines within the mission computer along with

target tracking Information from the APG-63 Radar. As a result of the

limited data rates of the3e inputs and the computational burden of the

* mission computer, position commands are available at a 20 Hz rate.

A more detailed gun system model is shown in Figure 3. In the

following sections, this model ill be broken down and each of its com-

ponents described.

' IGIT I~j GU| EV USSE

Gcm---Io X ACTUATOR 'J e
MISSION IIIGUN

COMPUTER YY GEOMETRY

SDIGITAL I GUN SERVO SUBSYSTEM

CONTROL I

Figure 2. Basic Gun System Model.
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Gu Servo SubsvsteM

The gun servo subsystem contains two nearly orthogonal actuator

channels. Each channel consists of the actuator, servovalve, sensors

and the associated compensation networks. A model for each of the

identical channels, including gun dynamics, is shown in Figure 4 (Ref 3).
J

d R F

) (s) G2 (s) G3 (s) X(s)

GI: Feedforward Compensator

G2 S Servovalve Dynamics

G3 8 Gun Dynamices
Differential Pressure Compensator

Figure 4. Gun Servo Subsystem Model.

Feedforward Comvensation. The feedforward compensation, G(s), is

simply a gain in the current desigu.

G"(s) - KOL - 100 se"' l  (1)

Other compensators and gains will be discussed in chapter I1.

Servovalve Dynamics. The servovalve dynamics relate electrical

Inputs to a force exerted on the actuator piston. A model of these

dynamics Is given by the manufacturer as

10



G2 S) A2 s (2)

g (82 *2j* tv wv

where

IV " .70

.- = 200 Hz - 1256 rad/sec

Gm Dmamics. The gun dynamics represent the relationship between

the actuator forces and the gun displacement* Because the gun is not a

rigid body, a finite element analysis was performed by Delco to obtain

the structural response of the gun and actuator body. The finite ele-

ment program provided the parameters for use in an elaborate gun model

described in Ref 13. The program also produced the frequency response

of the gun sensor to an actuator input shown in Figure 5. This fre-

quency response Is used to generate a model for the gm dynamics.

Two sensors are being considered for the gun system, The first is

a linear variable differential transformer (LVDT) which senses actuator

length. The second is an angular resolver which measures gun angle at

the pivot position. The gun has nearly identical frequency response at

both of these sensor locations so the llDT response can be used for both

sensors.

TWo sets of gun dynamics based on this frequency response were used

in this un system analysis. The first is a model used by Delco in

their pun servo subsystem design and is used in the analytical analysis.

The second Is a more detailed model, using the first four structural

modes, and is used In the computer simulation.

11
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LVDT OUTPUT
ACTUATOR INPUT

PHASE
+100

PHASE 0

DEG

-100

- 2 0 0  
1 L I I

1 10 100
FREQUENCY - Hz

Figure 5. Sensor Frequency Response (Ref 5).

The gun dynamics used by Delco were obtained by fitting a fourth

order transfer function to the response of Figure 4. This transfer

function is

W( 22 2 (2 + 2t Wzs + s2) (3)

D 22

C;30(8 Wz 2 (22 2t W1 s * W1)(2+2 * vs ()2

12



where

1 11.5 Hz - 72.26 rad/sec

w2 = 95 Ha - 596.9 rad/sec

(S - 12 Hz - 75.4 rad/sec

- .15

A more detailed gun model is obtained by treating the gun as a

structurally damped beam. There are many ways of modeling structural

damping. While viscous damping is one of the least accurate for a steel

structure, it does allow the use of a linear model.

Equation (4) (derived in Appendix A) models the gun dynamics as a

sum of "n" second order modes.

G3 (s) M X(s) n Ai (4)
C F(s) - 2 e 2f ?i s  w12

where WI is the frequency of the ith mode, Ai is the output coefficient

of the ith mode and t the gun damping ratio.

The first four natural modes (n-4) of the gun were used in the

computer model. The frequencies of these modes are given as (Ref 5):

W, w 11.6 Hz w 72.88 rad/sec

(2 = 34.9 Hr - 219.7 rad/sec

(3 - 68.7 Hz w 431.6 rad/sec

(04 - $3.5 Hz w 524.6 rad/sec

The output coefficients (A1 - A) and damping ratio 4') are found

in Appendix B using the gun frequency response. These coefficients

13



are S

A1  u 356.2

A2  a 0

A3 - 48170

A4 W 185600

- 0.05

Differential Pressure Compensator. The differential pressure cam-

pensator was developed by Delco to provide damping of the 68 and 83

hertz gun structural modes. This compensator uses as its input the

pressure differential across the actuator piston. This compensator is

given by

Hp(s) - h = G4 (s) (5)

A

where Khyd is the hydraulic spring constant and A is the piston area.

Khyd = 100,000 lb/In

A .9 in2

G4(S) KAP ((T )(TIS )(.2s

where

K W 3.15 x l0.3 in/sec/psi

l/T1 - 500

I/T2 - 2500

Gun Geometry. The actuators are mounted on the rear of the M61 gun

as shown in Figure 6. The transformation from actuator lengths to gun

angles is given by (Ref 5)

14
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4bd
(7)

1U 2 2 2 2 2 2 44 4 a
sin .2b (2x A Ly2  2(2b)Ly2  2(2b)i 2X Ly -(2b) ] a

where 8 is the elevation angle, * the azimuth angle, Ix and ly the

x and y actuator lengths, respectively, and

a b - 10.25 in

d = 24.1 in

While these transformations are not exact, they have a maximum error of

0.002 mrad over the 30 excursion.

GUN CENTERLINE
4 a -

e -NEUTRALTX- ',CENTERLINE

x d-

SPIVOT

b -

<LY

Figure 6. Gun Geometry

Interfaces to Mission Control Comuter. The gun servo subsystem

also includes interface elements to the mission computer. Those of

interest in the control analysis are shown in Figure 7. The Interface

contains 10 bit analog to digital and digital to analog converters, a

15



RATE -- - " SMOOTHING
COMMAND DAZHFILTER

INTEGRATOR OUTPUT

MEASURED SENSOR GUN
.... GUN ANGLE FILTER GEOMETRY

ZOH t Zero Order Hold

Ggss : Gun Servo Subsystem

Figure 7. Gun System Interface.

zero order hold, and two low pass filters. One of these filters is

used to smooth zero order hold output and the other is a filter for the

sensor. The smoothing filter was not included in the simulation due to

an oversight. However, some of the filter effect can be determined

based n analysis of the sensor filter since the two are essentially in

series, The integrator output is fed back to the mission computer for

a digital filtering algorithm.

DiELItal Controller

The digital portion of the gun system was not well defined., Figure

3 contains a composite of the controllers described in References 5, 12,

and 13. The location of the coordinate transformations is arbitrary;

however, the specific transform used is dependent upon their location.

16



* The system gain is given by K1 . The digital rate feedforward is

included in the system per Reference 12. This rate Information could be

generated inside the controller by differentiating the position input

signal, but should be available from the tracker/predictor algorithm.

The actuator conmands are limited to • 18 inches/sec corresponding to

0
a 45 Isec angular rate.

Coordinate Transformation

There are essentially two coordinate transformations employed in

this version of the digital controller. The first is for the position

commands and measurements. The actuator positions are given by

x - X- LO (8)

Y - .

where L.o and Ly o are the neutral position actuator lengths and Ix and

Lyare the current lengths.

Ko - y Ly - 'a+ b2  (9)

The actuator lengths are given by (Ref 5)

I" ( d + a)2 + (0 d b)2]

% - 1 d + a) 2 + (9 d 2b)2

where a, bp and d are as defined above. Note that this transformation

uses the small angle approximations for the sine so is less accurate

than the gun geometry transformation of Eq (7).

17



The second transformation is for the rate comand. It is found by

differentiating Eq (8). The result Is

X d-(d + a) + (d- b)x
~(11)

SM - E(d ,+ a) .(d9 .b)]
y

Digital Filter. The digital complementary filter containing D(z)

sho- in Figure 3 is used for iterative correction of coordinate trans-

formation errors (Ref 5). The continuous form of this complementary

filter is shown in Figure 8.

A 11

x Ts. •1 Xs

Figure 8. Continuous Complementary Filter

From the figure,

Ax(s) . D(s) Exs(s) - X(s)] * X(s) (12)

whero

D(s) - 1

which can be written as

18



ZX(s) -...., (a)Ts+.1 Ts+1

Fran this, it can be seen that the filter generates an estimate of the

gun position by summing the low frequency components of the sensor

measurements and the high frequency components of the integrator output.

A discrete version of Eq (12) must be developed for Implementation in

the digital computer.

Since the inputs to the digital filter are discrete impulses, a

sero order hold must be placed on the Input to D(s). Then

IDr(a) - GZOH(s) D(s)

and

X*(s) - CD'(s)X*(&) - D (s)X*(s)J 4 XI(s) (13)

where the star indicates a sampled input. Since the samplers lie be-

tween the continuous nputs and D' (s), the inputs can be separated from

D (s). The Z transform of Eq (13) is given by Eq (14)o

A
x(s) - Z~d(s)] Cx(.) - x(.)] + x.(x) (14)

Let

D(s) - z CD1( )]

l-esT

(1=71).(l~s - l )  -te-ZT.) Z- 1 ,

(Ims'l) (I-GOT/T Z'l)

Since XMl is a delay operator, use of D'(s) in the complementary

filter will cause the current estimate of the actuator position to be

19



I

based on its past position, This delay is a result of including the

zero order hold in D' (s) to provide continuous inputs to D(s). The

filter will be implemented in the digital computer so it is possible

to eliminate this delay by multiplying by z.

D(s) - s D'(s)

or

D(s) . MT/r (15)
1-c I -1

D(s) is not the Z transform of D(s) but Is its functional equivalent

for use in the digital computer.

Letting K3  - -eT/T the filter output is given by

Z(M) . _I -1 C(') - x(z)J xj(s)

The difference equation for the filter Is then

A

1(k) - 13 EXS(k) - Xl(k)] 4 (l-K3)[i(k-l) - XI(k1-)] X 11 (k)

(16)

It is interesting to note that Eq(16) can be shown to be a constant

gain optimal observer for the gia servo subsystem.
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III Analysis of the Gun Servo Subsystem

1he gun servo subsystem frequencies are all above half the sampling

frequency, Due to Shannon's sampling theorem (Ref 8) these frequencies

are misrepresented in the Z domain; the effect of these frequencies

will appear to be at frequencies between 0 and 10 hertz for the 20 hertz4

sample rate. As a result, the gun servo subsystem analysis must be per-

formed in the continuous time domain.

In analysis of the gun servo subsystem, the Delco design will be

taken as a baseline and changes to this baseline will be examined. The

baseline response of Figure 9 uses the given GSS with a KOL of 100 and

including the differential pressure compensation. The digital gain is

20 and the digital rate feedforward is included. No sensor filters are

included in the baseline. Notice that the system azimuth and elevation

ommands are indicated by as asterisk.

In the following sections the effects of the differential pressure

compensator, feedforward compensator, and rate feedforward will be

minned. The analyses are based on S plane root locus methods and

simulation results.

Differential Pressure Comensator

The differential pressure (QP) loop is intended to provide damping of

the high frequency structural modes. This is important, for as Figure 5

shows, the 83 hertz structural mode is dominant at the sensor location.

The ,P compensator is evaluated using the section of the gun servo

subsystem shown by Figure 10. Using block diagram reduction, it can
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Figure 10. Differential Pressure Compensation Loop.

be sho~m

G(a inU G2 G3  (17)
Rp (s) 1 * (1-G 3 ) G2 Hp

Figure 11 shows the root locus of (1-G3 ) G2H.,p - -1. The primary

effect of the compensator is to pull the high frequency structural poles

to the left, Increasing their daping, Also, the frequency of the servo-

valve poles Is reduced as they are moved to the right.

The Gp(s) for a gain CKP) of 3.15 x 1 3is given below.

-p G(a) - 5.17 x 1ol1 (32 + 22.6s + 5690)(s + 500)(s + 2500)

* 5(s2,22.3s.4940)(s2+667 s,296 000)(s z 568s*765 000) (s+1500)(s+22 10)

(18)

The AP compensator has increased damping of the high frequency mode and

slightly reduced the first mode frequency.
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9 Figures 12a and b compare the time response of the gun and actuator

with and without the compensator. Figures 12c and d make the same com-

parison for the system response. lble II gives rise time (Tr)t settling

time (Tq), peak time (Tp) and peak overshoot (Mp) for an impulse to

Gp(s) for both the two mode and four mode dynamics. Table III contains

the same information for a step input comuand to the gun simulation.

Table 1I
Differential Pressure Compensator Gum Response*

Model Tr TP Ts Tp

Without AP

2 Mode 0.00206 0600533 0.131 1.50

4 Mode 0.00223 0.00628 0.308 1.71

With AP

2 Mode 0.00246 0.00617 0.149 1.23

4 Mode 0.00260 0.00720 0.405 1,38

*mit step input

Table III
Differential Pressure Compensator System Response*

Tr Tp Ts Tp

With AP 0.05 0.054 0.158 26.99

Without AP 0.05 0.054 0.108 26.73

'25 urad step input
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I

:9 Although it appears from Table III that response has been degraded

with the compensator, this is due to the simulation using no sensor

filters for this portion of testing. Figures 12a, b, c and d demon-

strate that the high frequency oscillations are effectively damped.

Feedforward Com ensator

The feedforward compensator is an optional compensator to provide

*i additional low frequency gain and structural damping if ground firing

tests indicate they are necessary (Ref 3). In the present design, how-

ever, GI(s) is simply a gain, KOL.

Using the Gp(s) obtained in the previous section, one gun servo

subsystem channel can be represented by Figure 13(a). Figure 13(b)

shows the system after block diagram manipulation. The closed loop

transfer function Is therefore given by

Ggss (s) . (s4+ 1)GD (19)As (s) s(l + G1Gp)

It is interesting to note that if Gp(s) is taken to be 6 (i.e.,

neglect structural and valve dynamics), then Ggss(s) is given by

1 (s +GI)
a s+G I

so Gl(s) has no effect on the rigid body dynamics.

Returning to the true Gp(s) and letting Gl(s) - KOL, then

( s)- (- KoL) GO (20)gs( s(l + KOL GP)

30



a.

" X¢ ""C s+ GI (.S) G p(S) P X

GlS

b.

Figure 13. Gun Servo Subsystem Reduction.

The root locus of KOL Gp - -I .s given by Figure 14. As the gain is

increased, the dominant poles are no longer associated with the high

frequency structural mode but become associated with the servovalve.

The limit on gain for stability is KOL - 390. Table IV gives the steady

state tracking error of the system for a ramp input. Different values

of open loop gain and rate feed forward (RFF) are presented. Table V

gives the simulation time rosponse figures of merit for various open

loop gains.

The settling time is very sensitive to small changes in the high

frequency components of the gun response since no sensor filters are

employed. Realizing this, Tables IV and V indicate that the open loop

gain, KOLv has very little effect on the system response.
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Table IV
Gun Servo Subsystem Ramp Errors

% Error
KOL With RFF 1o RFF

0 0.23 to

10 0 10

100 0 1

200 0 0.05

Table V
Effect of KOL on Gun System Performance*

VOL Tr Tp Ts

0 0.052 0.074 0.208 26.77

10 0.052 0.072 0.306 26.84

100 0.050 0.054 0.158 26.99

200 0.052 0.056 0.058 26.56

*25 mrad step input

The closed loop transfer function for the gun servo subsystem with

KOL - 100 is

5.17 x 10l(s 2 22.6s + 5690)(s 500)(s 2500)(s+100)

(.2 17.78s+5390) (s2+460s 255,000)(s2 166s+l,320,000) (s 104)(s+1513)(s.2200)

(21)
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Effect of Rate Commands and Rate Feedforward

The reason for rate command inputs to the gun servo subsystem is

shown by Figure 15. This figure shows the response of the gun servo

subsystem without the integrator (Ggs (s) - sGg8 8 (s)) to a step input.
gsa

Although the overshoot would not be quite so high in the actual system

due to rate and acceleration limits, it is still an undesirable feature.

The large overshoot of the gun servo subsystem is reduced by giving

ramp position commands consisting of integrated step rate coumands from

the digital computer.

The effect of feeding this rate command into the actuator input is

demonstrated by Tables IV and VI. Table IV shows that the steady state

ramp following error of the gun servo subsystem is zero when rate feed-

forward is used. Table VI indicates that the rate feedforward improves

the gun transient response.

Table VI

Effect of Rate Feedforward on Gun Response*

Tr Tp To MP

Without RFF 0,066 0.108 0,168 28.6

With RFF 0.05 0,148 0,158 26.7

*25 mrad step input
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I# IV Analysis of Digital Portion of Gun System

The gun servo subsystem discussed in the last section receives

rate cmmands from the mission computer. This section will discuss the

means of generating these commands. The effects of various elements of

the digital portion of the gun system and interface elements will be

evaluated using Z domain root locus methods and the digital simulation.

For the analytical portion of the analysis, one channel of the gun

system is modeled as shown in Figure 16a.

- K1  ZOH Gg s s(s) x

T a.

xKI Gg(Z) X

Figure 16. Discrete Gun System Model.

The effect of the system gain K1 on system response was examined

using a discrete root locus. The Z transforms were found using the

impulse invariance transformation function of the design program TOTAL.
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* T[he program uses an algorlt!m which first obtains the partial traction

expansion of F(s), then finds

fl Ak z
F(z) - (22)

k.l x - e'Sk T

where sk is the a domain pole and Ak is its associated partial frac-

tion coefficient.

Z Transform of Gun Servo Subsystem,. The gun servo subsystem

including the zero order hold is given by

Gg(s) - GZCM(s) Ggs s (s)

where

( 1 -- (23)

and T is the sample time of 0.05 seconds.

the discrete system can then be modeled by Figure 16b where

GS(Z) - Z CGzo(s) Ggs,(s)J

- Z [--- Ggss(s)

but since z a esT

Gg(s) - (- "'l) Z G !Ggss(S)J (24)

The s transform of i Ggss(s) cannot be found directly using TOTAL

since the algorithm of Eq (22) cannot handle repeated poles. The
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term which is formed by the zero order hold and integrator poles is

expanded out as shown below.

IL a (S) - 0 L (UO ,(a)
a2 (14 Gp(s) koL

(24)

N (s)
44

82 s(l p G(s) ICOL)

where

(s,+ Ko1) G (S)A -ZL Ws1L  Ip s

I + Gp(s) MOL smO

Substituting A - 1 in Eq (24) and solving for N(s),

1(s) - (a Gp(s) . 1)/s

Thus

Gg(Z s Gp(S)

82 S2(1 + Gp(s) KOL)

.Tz z s (s)-" (25)
(z-1) 2  I1 p(S) KOL)

The Z transform of C's Gp(s) - 1] / (1 Gp(s) KOL) was found using

TOTAL. However, numerical problems were encountered due to the extremely

small poles of Gg(z). This problem was overcoe by a short program

using the DISL subroutine ZPOLR (Ref 9) to find the roots of the com-

plete system. The discrete gun servo subsystem is given by Eq (26).
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t 0.0509 (s2+ l.ll + 0.416)(z2_ 1.53 x 108 z + 7.65 x 10-16)

(z + 0.0217)(s . 0.00713)(z + 1.92 x 10 - 8)

G (z)17 - 1.43 x 10 33 )(Z - 1637 x 10-4 8  (26)

S,(z2+ 1,17z + 445)(z2+ 1,77 x 10-5 z 1.01 x 10-10)

(s 2 + 1.25 x 100 z + 4.09 x 1015) (z - .00544)

(s - 1.43 x 10-33)(z - 1.37 x 10-48)(z - 1)

Since z - 0 corresponds to s m - , most of the terms In Eq (26)

are negligible so

.05(z2+ 1.11z + 0.416)(z + 0.0217)(z - 0.00713)(z + 1.92 x 10 "8)
C (z .1)( 2 + 1.17z + 0.445)(z2+ 1.77x10-5 1.01x10" 1)(z.0.00544)

(27)

The discrete root locus for the gun servo subsystem is shown in

Figure 17. The maximum gain for stability ( Ijz < 1) is 36. For a

gain of 20, the closed loop transfer function is given by

X(S) (z-0.00713)(z 0.0217)(z2, 1.11z + 0.416)(z + 1.92 x 10'8)
(2,O.0458z + 0.0183)(z2+ 1.24z + 0.460)(s 1.54xlO'8)(z.0.00777)

(28)

The response of this model is compared against the results of the

simulation In Table V1I.

Table VIII gives the dominant pole locations for several values of

gain. Notice that the first mode poles are still essentially cancelled

by the zeros at -0.55 * j 0.33 so have little effect. The time response

corresponding to these system poles can be determined by referring to

Appendix .

39



I.,.

10 -

'00 r-

5- w i

* G+
* r'4

C+
- - .11

( I n

C>,

I N'j

1144

r444

t0

40-



Table VII

Comparison of Analytical and Simulation Response*

(K1 - 20)

6(k) (mrad)

k Simulation Analytical

0 0 0
1 25.4 25.4
2 23.8 23.8
3 26,5 26.2
4 23.9 24.2

"5 25.4 25.4

*25 mrad step input

Table V1II

Poles of Closed Loop Gu System as a Function of Cain

K1  Dominant Poles

10 0.49 .0.60 h j 0.31
12.5 0.36 -0.60 : j 0.31
15 0.21 .0.61 h j 0.30
17.5 0.080 k j 0.096 -0.61 h j 0.29
20 0.022 * j 0.13 -0.62 * j 0.28
22.5 .0.036 * j 0.14 .0.62 ± j 0.26

Additinal insight into the effect of K1 is obtained by completely

neglecting the gun servo subsystem dynamics. The Z transform of the

gun servo subsystem is then simply 9.05 . The root locus is then a
3-1

line to the left from z - I crossing z - 0 at Ki- 20 and z m -1 at

Km 40. This would indicate instability at a gain of 40 and a deadbeat

response for a gain of 20. The simulation indicates instability at a

gain of 39, so in this respect the simple model is better than the more

complex model of Eq (27). This is probably due to numerical errors In

finding Gg(z) and deletion of the small roots.
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9 Digital Rate Feedforward

This section will discuss the need for digital rate feedforward in

the mission computer. Figure 18 shows the response of the system with

a gain of 20 to a ramp input without rate feedforward. The gun output

lags the co-mand input by the sample time (0.05 seconds).

There are two methods of dealing with this problem. The first is

to give the gun position commands which are one sample period in advance;

however, this places an additional burden on the target prediction

algorithms. The other alternative is to use the digital rate feedfor-

ward as discussed in section II.

Use of the rate feedforward reduces ramp following errors from 5%

to zero.

Sensor Filters

Up to this point, none of the simulations have used a filter on the

sensor. Although the system works well without a filter, the system

performance can be improved through their use.

Analog Sensor Filter. As a result of Shannon's sampling theorem

(Ref 8), any sampled input having a frequency greater than one half the

sampling frequency (fs) will appear to have a different frequency. In

fact, it will have a frequency between 0 and fs/2. This effect is called

aliasing and in the case of the gun system, increases the settling time

by causing low frequency ( < fs/2 ) oscillations.

To prevent this, a low pass filter can be placed on the input to

the mission computer. Reference 3 suggests a first order lag filter

with a 10 Hz cutoff. When such a filter is used, the system overshoot
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9 and settling time is Increased as shown in Figure 19. This degradation

of performance is due to decreasing the bandwidth of the system.

The output of the sensor filter with a cutoff of 10 Hz Is down

3.7 dB at 11.6 Hz, thus the first mode is not attenuated much more than

the desired 10 Hz signal which is down 3 dB. Fortunately, the sensor

does not sense much of the first or second modes so the sensor filter

cutoff frequency can be increased. As shown in Table IX, a sensor

filter of 30 Hz provides better performance than the 10 Hz filter.

Table IX
Effect of Sensor Filters an System Response*

Cutoff
Frequen~cy Tr TP Ts M

None 0.05 0.054 0.158 26.49
10 Hz 0.05 0.104 0.,268 32.32
30 Hz 0,05 0,136 0.156 27.06

*25 mrad step input

The information in Table IX Indicates that either sensor filter

cutoff frequency increases the peak overshoot. This Is because the

-~ servo bandwidth is reduced fromi 100 Hz to the sensor cutoff frequency.

A smoothing filter on the output of the zero order hold will have the

4 same effect, thus Its cutoff frequency should also be somaewhat greater

7 than the 10 Hz suggested by Reference 3.

Dixital Sensor Filter. The outputs of the analog sensor filter

are Inputs to the digital filtering algorithm. This algorithm estimates

the position of the gun~ based on the measurement and the integrator out-

put which provides rigid body response.
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t The difference equation for the digital filter (Eq (16)) was

employed in the simulation program. Table X compares the system perfor-

mance for different filter gains. For a gain (K3) of 0 the filter com-

pletely ignores measured outputs. With a gain of 1# the measured outputs

are used directly.

'K
Table X

Effect of Digital Filter Gains on System Response*
(4. settling criteria)

K3 Tr TP Ts

0 0.05 0.054 0.058 26.99
0.5 0.05 0.054 0.100 26.99
1 0.05 0.054 0,454 26.99

*25 mrad'step input

A 4% settling criterion was used since a 5% criterion indicated no

difference in the system performance for different gains. This would

indicate that the errors caused by aliasing are less than 5%. Although

the best response is obtained for K3 - 0, this gain could not be used in

the actual system since the system would be running open loop. The

best gain for use in the system must be selected based on noise, and

system error considerations.

Computatlon Time

When implemented on the mission computer, output measurements and

control inputs corresponding to a given sample period are separated by

some finite time delay. This computation time (Tc ) is used for analog

to digital and digital to analog conversions as well as time to perform

digital computations.
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tWhen this time delay is included in the system, the single channel

model is given by Figure 20aq where C is the computation time. A delay

in the computer output is the same as a delay in the system output so

the system can also be given by Figure 20b.

XE K1  zT T ZOH Ggss X

T

TE
T

b.

Figure 20. Gun System Model Including Computational Dlay.

If Ggss ( s) is allowed to be /s (ignoring complex dynamics), then

Gg(s) =C,,o. (-)e- c s

-= ( e )( )(ecs) (29)

1m- S T  e.CS

s2

Using the modified Z transform (Ref IS234) the delay can be treated

by letting
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z Ex(t-c)] - s' z [X(s) GATs ]
(30)

ms m X(sM)

where m is one plus the Integer number of sampling periods delayed and

A is a number between 0 and I such that

C - (.-A)T

For our case it is reasonable to consider computatioa delays no greater

tha one time period so m I 1 and

(31)
T

Now*

x(tm-c)] - ,,-l z E "S OATs : Xcd(z)
E 2

. s- (-s 1 ) Z C 27e "eT ] Xcd(z)

- sl f1...lh AT + T (I-A) Z t

(l._Z.)2 Xcd(z)

A AT Cs + (1/ - .)1 Xcd(z) (32)

The complete forward transfer function is then given by

i(s) -K 1L T, [a (1/A - 1)] (33)
K(s) s(s.l)

where A is given by Eq (31).
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* For KI - 20 and T - 0.05, the closed loop response is given by

x (z_. . Z. (-/9(34)
Xcd(Z) z- (-A) z (1-A)

Table XI compares the output of the simulation with the prediction

of Eq (34). The theoretical results match the simulation results except

for the transients caused by neglected dynamics.

" Figure 20 shows the gun response for a computation time of 0.024

seconds. Table XII gives the figures of merit for the simulation with

a different computation times. Both show that computation time produces

increased overshoot and settling time. Results indicate that the system

gain must be reduced to compensate for computation times in excess of

0.005 seconds (10% of the sampling time).

Table XI
Comparison of Simulation and Analytical Computation Time Effects*

e (k)
Te .01.T -,.024

k Analytical Simulation Analytical Simulation

0 0 0 0 0
1 20.0 18.1 13.0 9.4
2 29.0 28.2 31.2 30.2
3 26.8 28.0 33.8 35.0
4 29.6 23.9 26.2 26.7
5 24.6 25.0 21.4 21.5

*25 mrad step input
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Table XII
System Response for Different Computation Times*

(K1 w 20)

C Tr Tp Tsp

0 0.05 0.054 0.158 26.99
0.004 0.056 0.144 0.162 26.91
0.01 0.064 0.114 0.218 29.67
0.024 0.082 0.128 0.432 37.75

*25 mrad step input

Word Length Considerations

We to a finite word length, a digital control system must repre-

sent its data in quantitized units. The effects of wordlength in the

computer are highly dependent on the specific algoritlms used, so will

not be discussed further. However, the word length of the data inter-

face can be checked to determine its accuracy.

Although the data busses can carry 16 bits of information per

channel, the A/D and D/A converters have a 10 bit word length (Ref 3).

The ratio of the largest number to the smallest which can be repre-

sented by the word is given by

M- 2nVuin

where n is the number of magnitude bits. Subtracting one sign bit from

the 10 bit word, 9 bits are available for magnitude information.

-BM 29 w 512
Vmin

If the largest angle to be represented is 52 arad, then the minimum

resolution is 52/512 or .1 mrad. This is well within the requirement of

the .5 mrad static accuracy specification.
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9 V Analysis of Muzzle Resnonse

Up to this point, the gum system response has been examined only

at the sensor location. This section will deal with the response of

the gun at the muzzle. The muzzle response will be examined and a

controller designed to Improve damping of the first structural mode.

Effect of Structural Mcdes on Muzzle Resuonse

By examining Figure 22 which shows the gun's structural mode

shapes, It can be seen that the first (11.6 Hz) mode has a very small

displacement at the rear of the gun and a low slope at the pivot posi-

tion, This Indicates that neither the actuator position sensor nor the

angle resolver at the pivot can sense the first mode response. This is

fortunate as simulation results indicated unacceptable oscillations for

larger first mode output.

The gun muzzle, however, lies at the point of maximm mode shape

slope. It is the muzzle which determines the projectile direction so

the first mode oscillation has a significant effect on gun performance.

The muzzle frequency response of Figure 23 also shows the high gain of

the first structural mode at the muzzle.

Figure 24 snows the gun muzzle time response which can be compared

against the sensor response of Figure 9. Two results can be seen. For

a step Input the muzzle has large overshoot and iong settling time; for

a sinusoidal input the muzzle tracks the input quite well, This means

that the first structural mode will cause significant oscillation in

target acquisition but target tracking will not be seriously affected.
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t It may be acceptable to have a t-wo second settling period during

target acquisition. If not, scme form of compensation is required to

increase the damping of the first mode. The next section will describe

the preliminary design of such a compensator.

Controller for Structual Modes

This preliminary structural mode compensator design makes two

important assumptions. First is that the controller is necessary and

second is that the barrel cluster is non-rotating. The rotating barrel

cluster will cause cross coupling between the axes due to gyroscopic

precession. Although it is not known what the magnitude of this effect

will be, it is suspected that it may be significant.

Three different controller configurations were considered, a digital

controller, use of the existing feedforward compensation and a feedback

compensator,

The structural modes cannot be controlled by the digital controller

for, as mentioned earlier, the natural frequencies of the gun lie outside

the controllable region of 10 Hz. An alternative approach would be to

consider an intermediate digital processor which would operate at a

higher frequency. A controller, having a sample rate of 100 Hz, was

designed to control the first structural mode, but aliasing of the third

and fourth modes caused unacceptable response.

As shown in Chapter lII, the feedforward compensator, Gl(s), has

litt.e effect on the low frequency response of the gun so this compen-

sator will not be capable of controlling the Zirst mode. Thus, feedback

compensation becomes the only viable method of first mode control,
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fThe sensors cannot directly measure the muzzle position since they

have very low amplitude response to the first mode. It is conceivable

that a high gain bandpass filter could pick out the first mode response

from the sensor 9 but such va, approach would require an extremely high

order filter. Ideally, a sensor for first mode control should be lo-

cated at the muzzle. The rotating barrels, however, make this a very

complex hardware problem, not to mention the difficulties of working

with a rotating coordinate frame. It is apparent then that some form of

observer is required to find ths barrel response bassd on sensor output.

A conventional observer for the Y channel of the gun servo sub-

system has the form (Ref 6)

[A] + BJYc L -YS S

(35)
A A

where A is the system matrix, B is the input matrix, L is the observer

gain matrix and CM and CS are the servo and muzzle output matrices.

A A
X is the estimated state vector and TS and YM are the sensor output and

estimated muzzle output, respectively. This was considered, but it

appears that at least a five or possibly seven state system model would

be required to include the integrator and gun structural modes.

The method chosen to determine muzzle response was to realize that

V- 2_ 2)(6)
XC(s) s (s2 + 2t Wls +W 2 )(
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* neglecting higher frequency dynamics, end that the sensor transfer

function

X 5 (s) 1 (37)

kc(s) s

Eqs (36) and (37) yield

X 8(s) 2 s1 + , (38)

Feedback of the estimated muzzle position causes the system roots

to move toward the right half-plane as the gain is increased, so the

rate-acceleration feedback of Eq (39) was employed.

s(s + 10)Ss(S)= , ,(39)
s 2 + 2f OlS + W12

It would be desirable to place this type of compensator in an inner

feedback loop, perhaps the same as the LP compensator, leaving a unity

feedback outer loop. However, for convenience, the compensator was

placed in the outer loop as shown by Figure 25.

The root locus of Figure 26 shows that as open loop gain is in-

creased, the dominant first mode poles move to the left. A KOL of 0.003

gives a t of 0.17. Increasing the gain further increased the damping

ratio, but overall system performance was degraded due to reducing the

systom bandwidth..
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Figure 25. Structural Mode Compensator.

Using KOL - 0.003, gun servo subsystem transfer function is

G (s) r 09454 (s 2 + 7.29s + 5312) (40)
gss s(s 2 * 24.7s + 5066)

after elimination of non-dominant poles and zeros.

Finding the Z transform of Eq (40) in series with a zero order

hold, as was done in section IV,

Gg(z) . 0.0428 (z + 1.25) + 0.426 (41)
(z-l) (z 2 + lz + 0.290)

The root locus of Figure 27 indicates that the system damping

ratio for a system gain of 20 Is about 0.25 which is somewhat low. A

gain of 15 produced the time response shown in Figure 28. This figure

and TAble XIII show that the compensator does help the step response

of the muzzle by reducing settling time and peak overshoot. However,

the square root of the mean square muzzle erTor (MSE) for a 2 Hz sine
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t Input Is increased by the compensator, indicating that the tracking

ability of the gun has been reduced.

The structural modes of the gun can be controlled as demonstrated

by this low level compensator design.

Table XIII
Structural Mode Compensator Response *

Ta Tr TP M

Servo Responses
Without Compensator 0.158 0.05 0.054 26.99

With Compensator 0.09 0.102 0.104 25.91-

Muzzle Response

Without Compensator >2 0.048 0.07 39.28 3.62

With Compensator 0.156 0.070 0.150 26.45 4.49

**25 mrad step input **20 mrad 2Hz sine input

Additional simulations indicate that 10% errors in the estimation of

first mode frequency and damping ratios have little effect on the con-

troller's ability to damp step inputs. The primary drawbacks of this

preliminary filter design are that low frequency tracking capabilities

have been degraded and barrel cluster rotation has been Ignored.

It Is possible that a closed position loop could improve this

response. In addition, a lag-Lead compensator could be added at Gto

allow a higher KOL. Barrel rotation, however, would be a much more

complex problem to deal with.

The difficulties associated with implementing a realistic compen-

sator for the first structural mode appear to be more than the problem
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9 warrants. Since the tracking response is acceptable with no compensa-

tionp it may be best to simply wait for the acquisition transients to

die out before firing the gun.
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t VI ConLclusion

The major results of this study will now be summarized and recomn-

mendations made based on these results.

SUMr
The gun~ system easily meets all specifications developed in the

Introduction. The gun~ system settles in under 0.2 seconds and has an

overshoot of less than 10% for a system gain of 20, independent of KOL

and with or without a differential pressure compensator. Although the

full dynamics of the gun servo subsystem are complex, it can be modeledI

as a pure integrator for discrete analysis. The slew rate and acceler-

ation limits have little or no effect on the linear analysis at the

gains used.

A system gain of 20 provides essentially a deadbeat response for

the gun system. As computation time exceeds 10% of the sampling time

It Is necessary to reduce the system gain to stay within overshoot

specifications. In order to meet ramp following specifications# a rate

feedforward must be Included In the mission computer.

The digital sensor filter has little effect on the gun~ response

using the specifications in the Introduction; however, if response is

examined at a closer level, the filter does reduce the system settling

time. Use of a 10 Hz analog filter for the sensor output severely

degrades performance; however, a 30 Hz filter eliminates high frequency

Inputs to the discrete conttroller while maintaining a reasonable time

response.
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t The first gunt structural mode causes overshoots of over 50% in the

muzzle angle and settling times in excess of 2 seconds for a step Input.

The effect of the first mode Is not as severe in tracking polynomial or

sinusoidal inputs, If barrel cluster rotation is neglected, a compen-

sator can be designed to control the acquisition (step input) oscilla-

tions. This controller degrades tracking of other inputs, however.

The complexity of dealing with barrel cluster rotation and the uncom-

pensated tracking response indicate that the acquisition problem is best

handled by allowing the barrel vibrations to damp out before the gun is

fired.

The M61 movable gun is an extremely fast system which does not

require any compensation provided that commnands to the gun servo sub-

system are rate commands as in the current configuration. The addition

of differential pressure compensation, sensor filters and selection of

a good KOL all Improve the gun system response by small degrees, result-

ing In a highly effective gun pointing system.

Reccunmendati_%s

This study has shown the M61 movable gun control system to be

effective, neglecting barrel cluster rotation. It appears that addi-

tional Investigation into the combined effects of first mode oscillation

and barrel cluster rotation Is required. Investigations In this area

could also lead to a realistic method of reducing acquisition settling

time.
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St Appendix A

DerivatiM oL Gun ?Mamics Model

In the following discussion, the Stm dynamics model will be derived

based an a lumped parameter model which might be used in a finite ele-

ment analysis.

The equation of motion for a lumped parameter model of a viscously

damped structure is (Ref 16:390)

[11] [C] 1 + E - Q (42)

where M, C, and K are the mass, damping and stiffness matrices, respec-

tively, q is the generalized coordinate vector and Q the generalized

force vector.

The mass matrix is symmetric and positive definite so it can be

expressed

Letting q - [M]" V,

z + [A] j+[B]_ - [M1- 2 (43)

where

[A] - [M]h [c] [xl

[B] - [M] C [M "
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MIN

~It can be shon tht if A can be expressed

n' I
[ [BP/r(

r-1 p- 0

where irp Is a different coefficient for each combination of r and p,

then the system can be decoupled into its normal modes. The transform

matin to decouple the system is given by u - [0] X where v is the

transformation matrix composed of the eigenvectors of the system and has

the property I

Making the transformation, the system Is given by

where [( (]and[W 2]are both diagonal matrices if Eq (44) is satisfied.

One mode of Eq (45) is given by

*i 2t I u i +  W1 - T [ I i a I i(P)a f (46)

where 1i is the eigenvector associated with the ith mode and XiO?) is

defined as the mode shape at the actuator where the force f is applied.

Equation (44) is satisfied if t is constant for I - ln.

The system output, y, can be given by

n
y(t) - E Xi (PS) ui(t) (47)

i-i

where Xi(Ps) is the mode shape evaluated at the output location. Taking

the laplace transform of Eq (46) and employing Eq (47),
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y(s) Al
F(s) -ift1 S2 + 2t wjs + iW12  (48)

where A1  Xi(Pa) Xi(Ps) and t is the constant damping ratio.
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* Appendix B

Determination of Gun Output Coefficients

The gun structural dynamics are based on the frequency response

plots provided in Reference 5. Two sets of dynamics are derived; one

is for the muzzle location, and the other for the sensor location.

Muzzle Dynamic Enuation

From Appendix A, the gun muzzle output equation can be given by

XM(s )  nAi
L-1 (s2 + 21 Wis + Wi 2 )

where Aim are the muzzle output coefficients to be determined, is the

gun damping ratio to be determined and W, are the first four normal fre-

quencies given by Reference 5 as

w, - 11.6 Hz = 72.88 rad/sec

W2 w 74.9 Hz - 219.2 rad/sec

W3 - 68.7 Hz - 431.6 rad/sec

W4 - 83.5 Hz w 524.6 rad/sec

Figure 29 shows the frequency response for the gun muzzle. The

dashed line indicates the response given in Reference 5 and the solid

line the response of the model developed here. The figure indicates

the maximum response is located near 11.6 Hz and has a value of 20 dB

corresponding to a magnitude 04m) of 10.
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t Using the relation (Ref 2:299)

MM  - _

then

1 - I - (1/Mm) 2

2 (50)

so = 0.05

We also know that

4lmG3M(s) - lim Z. i (51)
s -)p s-*0 1-1 s 2 + 21 Cis + W12

to satisfy the steady state (rigid body) requirements. Thus

4 4 Ai

E. Ai (52)
i-i (JiJ2

If the expression for the magnitude of G3(j w0) were written as a

function of t, wi, w), and Ai, it would be possible to take three

measurements of W0 and tm from the frequency response and form three

equations in four unknons (Ai,i w 1,4). If Eq (52) were added, four

equations in four unknowns could be solved for the Ai's. This method

was tried for finding Ai but the nonlinear algebraic equations became

unwieldy, so a more conventional synthesis method was used.

The gun transfer function is given in its factored form as

3
TY (s + 2j wnjs nj2 )

G3M(s) - K J-1 (53)
TT (a + 2( (j)js + oi 2 )

i--7
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where
4

i-K-
3
TT hL, J-IJ

to satisfy Eq (52).

The numerator damping ratios were arbitrarily chosen to be 0.05,

the same as the gun damping ratios. Wnl I Wn2 , and wn3 were then

chosen such that the frequency response of Gm(s) was fit to the true

gun response, as shown by the solid line of Figure 29. Note that the

magnitude is not well matched at high frequencies. In order to match

the magnitude response, zeros would be required near 20 and 45 Hz;

however, the phase diagram does not show zeros at these locations.

The partial fraction expansion of Eq (53) was then found using the

design program TOTAL. The form of this expansion is

4TT - Ai + Bis

1=1 s 2 + 2t Wi
s + W 2

Since B does not affect the steady state response and was small

compared to A, it was set to zero. A check of the frequency response

Indicated that no change from the factored form was detectable.

The muzzle output coefficients are then given by

A1 - 6041

A2 - -6605

A3 - -1319

A4  - 1918
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Sensor Dynamic Eguations

Two different sensors were considered by Delco. The first, a

linear sensor is mounted on the actuator. The second, an angle sensor,

is located on the gun gimbals. The frequency response of the two

sensors is nearly identical$ so one transfer function is considered for

both sensors.

The sensor output coefficients were determined using the same pro-

cedure as for the muzzle. Figure 30 shows the given and modeled fre-

quency responses.

The sensor output coefficients are given by

A1 - 356.2

A2  - 0

A3 - 48170

A4 - 185624
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t Appendix C

Gun Servo Subsystem State Variable Representation

The gun servo subsystem dynamics must be put into state variable

form for the computer simulation. A physical variable form composed of

phase variable blocks was chosen to represent the system.

The state variable model is formed by first considering each trans-

fer function individually and then connecting inputs and outputs accord-

Ing to the functional block diagram of Figure 31.

i Y4ml Y m

S < - 3S3

yf G--. < 5 : :

Y7 u7

Figure 31. State Variable Block Diagram.
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t Phase Variable Form (Ref 18)

The phase variable form places the transfer function

U~s) bn sn . b2 s 2  bl s bo

Y(s) au n * . . a2  s
2  + a l s a o

into the form

i2 x 3
x. -al- i2-.x t)(4

y(t) (b o - a0 bn)x + (b 1 - albn)x2

* * * (b. 1 - an.l bn) n  bn u(t)

GI(s) - I.
- U,~ s

Using Eq (54)

xl - ul
(55)

Y 1 Xl

Servovalve Dynamics

G() Y2 (s) 3 AV  2G2 (s) ,,--- - 3 2Xs+ s.
U2(s) s 3 +2t wvs 2 + k ,s + 0

Using Eq (54)

0 100 x2 0
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. * t X21

Y2 E Al. 0 0] 2 (56)

Differential Pressure Compensator

Hp(s) -Y 3(s) Ac
U3 (s) (s + l/Tl)(s + l/T2 )

Since the differential pressure compensator has no complex eigen-

values, it is easily implemented in a Jordan form (Ref 18).

Taking the partial fraction expansion of Eq (56),

H(s) . Afj A + B
p 1 + /T 1 1+ lT 2

where

A - T2 1(T2 -Tl)

B = T1/(TI - 2 )

The state variable representation is then

[ 1 / i /T4 x6 :
,, m[X ] I~'16(57)

Y3 - A B]

lote that the simulation program uses T - l/T

The Gun Dynamics are treated as a set of decoupled modes each

represented by a phase variable block.
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__5 Al
G-(s) E -(s _

U4(s) I., (s2 + 2 Wis + W12)

One of these phase variable blocks is given by

- W1 +? x81 u4 (58a)
i. L=81 01 -2,1 [V

Similar blocks exist for states 9 through 16. The output equation is

given by

Y4 - AX+ 2 X9 + A3 xll 
+ A4  13 + A5 X15 (58b)

where the output coefficients,' A, will be different for sensor and

muzzle output.

Feedback Compensator

(S) -Y5(s) CfJs2  C f2s 2 + Cf3s + Cf4Us(s) s2  + Cfs 2 + Cf6s + O

Using Eq (54)

x171 0 1 0 1x171 01

181 0 0 1 jx18 + u 5

L19j  -Cf7- -Cf6 LXl9j x9

(59)

5 [Cf4  Cf7Cfl Cf3- Cf6Cfl Cf2- Cf5C.1l x18~ *8
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Feedforward Compensator

Gl(s) - - C" s2 c1 2 s C13
U6  s 2 + C14 s C15

0 + u6  (60)

xS C15 -1r x2

16 - E C 1 C11C112 C41 [ +2 * Cll u6

Sensor Filter

- iY7 C21 s 2 + C22 s +C23
71 Ge(s) - 2-

-,s i, U7  s 2 + C2 4 s + C2 5

[23J C2- [x233 * "7 (61)

Y7 - Cc2 3 - C2 5 C2 1  C2 2 - C24 C2 1 ] x23J u7

From Figure 31 it can be seen that

u1  n U

u2 - u4 +Y6+Y 3

u3 - y4s - Y2

"4 m Y

u5 m ya

"6 - KOL (Y- yP)

"7 n y4 1
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sind

7smsr "Y4

- Yauzzle ' y s

Tf lter 0 Y7

where Y4 uses the sensor output coefficients in Eq (58b) rnd y uses

the muzzle output coefficients,

Using Eqs (55), (56), (57), (58), (59), (60), (61), and (62), the

entire state variable representation is given by

x2  - x3

;3  - x4

;4 - ClI KOL x~, 1 3  2tv wv X 4 + I~ X'

. 1
lTTX 6 4.C1KL Cf (Al X7 *A 2 x 9 4A xil

* A4 x17 4 A5 x 15)

* C11 KOL E(Cf4 - Cf5 Cf) x1 7 + (Cf3 - Cf6 Cf) X18

4 (Cf2 -C Cf l) x19]

* (C1 3 - C1 5 C1 1 ) x2 0 # (C1 2 - C14 C1 1 ) x2 1

;5 " mi/TI X5+ Ad ['Avx 2 + Ax 7 + A2 x9 + A3I + A42C1 3 * A5X15 ]

r-6 1 6 *A.x 24 AX 74 A2x9 AiKu4. A'4x1,. A53l5]
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X7 - X8

0 218 w A Ox2 W r-7 aVW Ix 8

;10 - t22xg Zc) 2 7-1 0

;11 a 112

;]L2 A^ - Wu(,3
2 xil -V(0 3 X12

;13 " 114

3C14 - " -a(zJ4 X13 -210z4 X1 4

;15 - 116

M 16 - " 4) I X1

117 m 118

118 - 119

Z19 = A1X7 * A2X9 * A3xl 1  V ~ 13 +~l

aCf 7 X17 " CO6 l18 C f5 119

;20 m X21

121 - KOL 3X1i CfI (Aex7  A2X-9 * A3 1II * V1 A5X1 5 )

-L3I(CW~Cf7 Cf1 )X1 7 *. (Cf3 "Of6 Cf1 )X1 8 * (Cf2e.Cf5Cf1)x 1]

-C1512O -a12

0

123 - A1LX7 *. A2Xg * A3XII* 13 * 4. I - C2 51 22 - C2012 3

The output equations are then given by

Yuensoz. - [AiX7 *. A2 Xg9 * A3xUl * A4 13 * A5xl 5 ]

7 Warrel - [b7* AS~X9 * A%3x11 * A~ * AW0 5 1

Yfllter - (C23 -C 25C2 1) X22 *(C 22  C24C2i) 123

*C21 (AIx7 * A2x9 * A3xl * A0x13 4.A 5xl 5 )
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Appendix D

61 Simulation Program

The M61 Simulation Program is designed to provide gun system

response as a function of time for a variety of commanded inputs. The
program is coded In CDC FORTRAN IV and requires 64K core memory for

execution. The simulation requires approximately 15 seconds of CP time

per second of simulation time.

The main program is responsible for data input, output and reduc-

tion, and acts as the simulation executive. All gun, control, and

simulation parameters are read from the input file in free format. The

main program then echos the inputs and processes them for use In the

simulation. After initializing values, the simulation begins.

The program uses the integration package ODE (Ref 8) to integrate

the GSS state equation between sampling instants. The actuator outputs

are found at the sensor, barrel, and sensor filter locations and con-

verted to gun angles by subroutine INTOAN. At the sample instant, the

control Input is formed by subroutine CMUOL. If To is not zero, the

input is delayed by the appropriate number of time intervals. Note that

the computation time may not be exactly as specified due to the quanti-

satin of DT, the integration interval. DT Is selected to provide 250

data points for the CALCGIP plotter based n the final time.

After the simulation is complete, the azimuth and elevation errors

for both the sensor and barrel location are computed and printed along

with the commands and positions.
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Rise time, settling time, peak time and peak overshoot are deter-

mined for the azimuth. Mean and mean squared errors are calculated for

elevation. Subroutine PLOTTER then plots the barrel and sensor angles

if desired.

Subroutine GUN contains the state equation for the X and Y channels

of the gun. Since the channels are identical, the same equations are

used for each channel. Actuator position, rate, and acceleration limits

are incorporated in the servovalve equations.

Subroutine I1iT0M transforms the actuator length to gun angles for

obtaining GSS outputs. Subroutine ANTOIN transforms gun angles to

actuator lengths for the digital controller. This subroutine returns

both actual length and change in length from center.

Subroutine CMMAND generates position and rate commands for the gun

system. The azimuth and elevation can be commanded independently with

several different functions, including steps, ramps, parabolas, sines,

cosines, and a random acceleration input. Subroutine NOISE generates

the random input.

Subroutine PLOTTER plots gun azimuth and elevation positions and

position comands against time using standard CALCCQP routines.

Subroutine CONTROL uses the algorithm of section II in simulating

the mission computer. K2 is used as a switch for the rate feedforward.
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Appendix E

Z and S Plane Rglationshios

Pol, locations in the Z plane can be related to S plane poles and

associated response using Figure 32. Lines of constant a in the

plane correspond to circles centered at the origin in the Z plane and

lines of constant damped frequency are radical lines. While stability

In the S plane is Indicated by left half plane poles, Z domain stability

Is Indicated by poles with a magnitude less than 1,

IA -W ~ -as -0.4 -0.2 __ 0.2 0.4 0.6 016 t.0

-J0

aium 32 OZ Do0n2ntCi0e

0108
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loop gain from 0 to 200 seca" and with or without differential pressure
compensation.

The overall system is stable for a system gain of 0 to 39 and exhibits
nearly deadbeat responses for a gain of 20. Digital rate feedforward is re-

quired to keep ramp following error below I mrad for a 50/sec ramp. Digital
filtering improves response and analog low-pass sensor filters with a cutoff
of 30 Hz eliminate aliasing while moderately reducing system performance.
Computation delays of less than 0.005 sec were found to have negligible effect
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The muzzle response is examined and a compensator, which neglects barrel

cluster rotation, is designed to reduce the 50A overshoot and over 2 sec settling
* time for a step input. This, however, degraded tracking of more realistic

(lower frequency content) inputs indicating that a better compensator should

be designed or that muzzle response at target acquisition should be allowed to
settle before firing,

*: Overall, the movable M61 was found to be an extremely fast gum system,
insensitive to most control parameters.
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